Fatty acids in 42 types of saponified vegetable and animal oils were analyzed by electrospray ionization mass spectrometry (ESI-MS) for the development of their rapid discrimination. The compositions were compared with those analyzed by gas chromatography-mass spectrometry (GC-MS), a more conventional method used in the discrimination of fats and oils. Fatty acids extracted with 2-propanol were detected as deprotonated molecular ions ([M-H] -) in the ESI-MS spectra of the negative-ion mode. The composition obtained by ESI-MS corresponded to the data of the total ion chromatograms by GC-MS. The ESI-MS analysis discriminated the fats and oils within only one minute after starting the measurement. The detection limit for the analysis was approximately 10 -10 g as a sample amount analyzed for one minute. This result showed that the ESI-MS analysis discriminated the fats and oils much more rapidly and sensitively than the GC-MS analysis, which requires several tens of minutes and approximately 10 -9 g. Accordingly, the ESI-MS analysis was found to be suitable for a screening procedure for the discrimination of fats and oils.
Introduction
A variety of fats and oils are widely available for consumption in the form of cooking oils, health products and food ingredients, as well as for the manufacture of cosmetics, soaps and surfactants. These fats and oils primarily contain triacylglycerols (also known as triglycerides), which are esters derived from the reaction of the carboxylic functional groups of fatty acid with each of the alcohol functional groups of glycerol. Fatty acid compositions vary among the various types of fats and oils. Fatty acid compositions play an important role in forensic science, sometimes serving as evidence in criminal investigations into the causes of fires resulting from arson or spontaneous ignition. [1] [2] [3] Discrimination between control oil samples, taken from a suspect or victim, and oil samples collected at crime scenes is required, as is the identification of their types in certain cases. When a control fat or oil is unknown, the fatty acid composition (including the degree of unsaturation) and the varying chain lengths are useful for establishing the distinction between liquid oils and solid fats; the classification into drying, semi-drying, and nondrying oils; and the discrimination of types of fats and oils. Fatty acid composition is frequently analyzed by gas chromatography (GC) [4] [5] [6] [7] [8] [9] [10] and gas chromatography-mass spectrometry (GC-MS) [1] [2] [3] [11] [12] [13] [14] of saponifiables 1,2,4,5,11-13 for their classification, or for the discrimination of fats and oils. When fats and oils are saponified, saponifiables are obtained in the form of fatty acid salts, such as potassium salts in an aqueous layer. They are acidified, and then extracted as free fatty acids with organic solvent. This sample preparation is effective in removing impurities from polluted fats and oils. The analysis of the GC or GC-MS for fatty acid requires esterification or transesterification, which is a laborious and time-consuming exercise in the examination procedure. The measurement times of GC and GC-MS analyses require at least a few tens of minutes for the elution and separation of the saponifiables of the fats and oils. Some fats and oils, particularly castor oil and fish oils, take longer to analyze than others because they contain more types of fatty acids. Recently, electrospray ionization mass spectrometry (ESI-MS) has been applied to the analysis of the fatty acid in both the positive [15] [16] [17] [18] and negative 19, 20 ion modes. The saponifiables of the fats and oils (fatty acids) transform relatively easily into negative ions due to the compounds' carboxyl group. The ESI-MS analysis of the fatty acids resulting from the saponification is therefore expected to be suitable for a screening procedure for the rapid discrimination of fats and oils. In this paper, we describe a new, faster, easier method that enables the analysis of a number of fat and oil samples by ESI-MS over a short period of time. The analysis of the saponifiables of 42 types of vegetable and animal oils for the development of a screening procedure for the discrimination of fats and oils are reported in this work. The sample preparation was reduced to only two steps: saponification and extraction without esterification or transesterification. The GC-MS analysis of the saponifiables was also carried out to compare the analytical results. --------C20:5  301  -30.6 a  --------C20:6  299  -6.3 a  --------C24:1  365  2.5  -------- 19. 4  -------C10:0  171  2.8  ----trace  --C12:0  199  1.5  -------C14:0  227  2.7  -------C14:1  225  trace  trace  ---1.3  --C15:0  241  2.5  -------C15:1  239  0.8  -------C16:0  255 Saponification of fats and oils for sample preparation Samples of fats and oils (approximately 0.2 g) were saponified with 0.5 M potassium hydroixde-ethanol solution (3 mL). 4, 5, [11] [12] [13] 22, 23 The solution was heated for 1 h at 70˚C. After saponification, the solution was divided into two samples for GC-MS and ESI-MS analyses. To a solution containing the saponified products for the GC-MS analysis were added 10 mL of water. The unsaponifiables were extracted from the aqueous solution twice with 6 mL of diethyl ether. The aqueous solution was acidified with sulfuric acid (1 M). The saponifiables were extracted from the aqueous solution twice with 6 mL of diethyl ether. Then, 12 mL of a diethyl ether solution was washed with 10 mL of distilled water and dried over anhydrous sodium sulfate. The resulting fatty acids were methylated with an ethereal solution of diazomethane 22, 24 as a sample for injection into GC-MS. The other saponified solution for ESI-MS analysis was evaporated to dryness in a water bath at 70˚C. The saponifiables were extracted with 2 mL of 2-propanol. The solution was diluted with 2-propanol as a sample for injection into ESI-MS.
ESI-MS analysis
Infusion ESI-MS analysis was performed using a Waters Alliance system coupled with a Micromass ZMD mass spectrometer. Samples in a 250 µl syringe (Hamilton Co., Reno, Nevada) were delivered at 20 µl/min by a Harvard Apparatus 11 syringe pump to an ESI probe connected to a 100-µm-i.d. fused silica capillary (phenylmethyl-deactived GC guard column, Restek Corp., Bellefonte, Pennsylvania). The mass spectra were determined in the negative-ion mode with a mass-to-charge ratio (m/z) range of 100 -500, which detected fatty acids with six (C6:0) or more carbon numbers, as shown in Turkey red oil resolution, 13.9; ion energy, 0.5 V; and multiplier, 650 V. To optimize the spectra, the cone voltage spanned 10, 20, 40, 60, 80, and 120 V. The measurement time for each sample was set at 1 min. Although all of the spectra in the cone voltage range of 10 -120 V were similar, the optimum cone voltage was 40 V. The cone voltage for the ESI-MS analysis of other fats and oils was set at 40 V. The detection limit of the oil for identification was 1 × 10 -8 g/mL, which corresponded to 2 × 10 -10 g as the sample amount analyzed for a 1-min measurement. The fatty acid compositions were calculated on the basis of the ratios of the peak height intensity in the ESI-MS spectra in the analysis of the isotopic effect as follows. The major peaks, such as octadecenoic acid (C18:1), influenced the percentage calculation of the minor peaks, such as stearic acid (C18:0), because the infusion ESI-MS could not separate the compounds at the same mass number, such as the peak of C18:0 and the isotopic peak of C18:1 at m/z 283. On the other hand, the isotopic peaks were observed in the m/z region from "M -1" to "M + 1" in the ESI-MS spectra of the negative-ion mode of fatty acids with the molecular weight "M". The peak at m/z "M -1" was a base peak. In the case of measuring the ESI-MS spectra in the negative mode of fatty acids, the influence of the isotope effect must be considered between two compounds with a mass difference of 2 mass units, such as C18:0 and C18:1. The ratio percentages of the isotopic peaks at m/z "M + 1"to the base peaks at m/z "M -1" (molecular weight "M") of fatty acids (C14:1, C16:1, C18:1, C20:1, and C22:1 in Table 1 ) were approximately 1.6, 2.0, 2.4, 2.9, and 3.3%, respectively, using an isotope modelling tool in Micromass MassLynx 3.3. These isotopic peaks overlapped with the base peaks of C14:0, C16:0, C18:0, C20:0, C22:0 (molecular weight "M + 2") in Table 1 at m/z "M + 1", respectively. All of the fatty acids C18:0, C18:1, C18:2, and C18:3 showed almost the same ratio percentages (approximately 2.4%) of the isotopic peaks at m/z "M + 1" to base peaks at m/z "M -1" of the fatty acids with the same carbon number in Table 1 . The influence of the isotopic effect between the compounds with a mass difference of 4 or more mass units were not observed in the ESI-MS spectra obtained with the isotope modeling tool.
GC-MS analysis
A GC-MS analysis was performed using a Shimadzu GCMS-QP2010. A fused-silica capillary column (DB23 (30 m × 0.25 mm i.d. × 0.25 µm film thickness) (J & W Scientific, Folsom, California)) was used to separate fatty acid methyl esters. The flow rate of the helium carrier gas was 1 mL/min. Samples were injected using a split mode, and the split ratio was 1:50. The oven temperature was held at 180˚C for 40 min. The temperatures of the transfer line and the injector were 230˚C and 200˚C, respectively. The mass spectrometer was operated in the electron impact (EI) mode at 70 eV and in the scan range of 35 -600 m/z. The compounds measured by GC-MS in this study were the methyl esters of the fatty acids with nine (C9:0) or more carbon numbers, as shown in Beef tallow Lard solvent delay. The detection limit for discrimination of the fats and oils was 2 × 10 -9 g. The fatty acid compositions were calculated on the basis of the peak-area intensity ratios in total ion chromatograms of GC-MS.
Results and Discussion

Comparison between fatty acid composition by ESI-MS and that by GC-MS
The mass spectrum by the ESI-MS analysis of fatty acids in a saponified rapeseed oil appears in Fig. 1(a) . The ESI-MS spectra of fatty acids in the saponified fats and oils were detected as deprotonated molecular ions ([M-H] -). The isomers of unsaturated fatty acids were detected as a summed peak by ESI-MS analysis. The major unsaturated fatty acids of the oil detected in the mass spectrum were octadecenoic acid (C18:1, m/z = 281) composed of oleic acid and a small amount of vaccenoic acid, octadecadienoic acid (C18:2, m/z = 279) corresponding to linoleic acid, and octadecatrienoic acid (C18:3, m/z = 277) corresponding to linolenic acid with minor amounts of icosenoic acid (C20:1, m/z = 309). The saturated fatty acids were palmitic acid (C16:0, m/z = 255) and minor amounts of stearic acid (C18:0, m/z = 283). For a comparison, a total ion chromatogram of the fatty acid methyl esters from the saponified rapeseed oil by the GC-MS analysis is shown in Fig.  1(b) . The major unsaturated fatty acid methyl esters detected in the total ion chromatogram were methyl oleate (C18:1n-9), methyl linoleate (C18:2n-6), and methyl linolenate (C18:3n-3) with minor amounts of methyl vaccenate (C18:1n-7) and methyl icosenoate (C20:1n-9). The saturated fatty acid methyl esters included methyl palmitate (C16:0) and minor amounts of methyl stearate (C18:0). The fatty acid composition of the saponified rapeseed oil by ESI-MS analysis was very similar to that by the GC-MS analysis. The fatty acid compositions of the 42 types of saponified vegetable and animal oils by ESI-MS analysis and by GC-MS analysis are shown in Tables 1 and 2 , respectively. With the exception of castor oil, turkey red oil, tall oil, and cayenne oil, the analytical results of the 38 types of fats and oils showed that the fatty acid compositions detected by ESI-MS analysis corresponded to those by GC-MS analysis. Castor oil. In the ESI-MS spectrum of castor oil (Fig. 2(a) ) the deprotonated molecular negative ions of ricinoleic acid, octadecadienoic acid, octadecenoic acid, palmitic acid, stearic acid and octadecatrienoic acid were all identified. They were also detected by the GC-MS analysis (Fig. 3(a) ) and were observed with a peak (14.8%) at m/z of 183. The deprotonated molecular negative ions of ricinoleic acid in Fig. 2(a) are characteristic of castor oil. The peak at m/z 183 was assigned to a decomposition product with a negative ion [M-114] -of ricinoleic acid (Fig. 2(a) ). 17 This positive ion of the decomposition product was detected as a negative ion,
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ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 Fig. 1 Mass spectrum by ESI-MS analysis (a) and total ion chromatogram by GC-MS analysis (b) of rapeseed oil. In the mass spectrum; C16:0, palmitic acid; C18:0, stearic acid; C18:1, octadecenoic acid; C18:2, octadecadienoic acid; C18:3, octadecatrienoic acid; C20:1, icosenoic acid. In the total ion chromatogram, C16:0, methyl palmitate; C18:0, methyl stearate; C18:1n-9, methyl oleate, C18:1n-7, methyl vaccenate; C18:2n-6, methyl linoleate; C18:3n-3, methyl linolenate; C20:1n-9, methyl icosenoate. [M-114] -, in the negative mode without the lithiated adduct in this study. This character was not found in other fatty acids without a hydroxy group. Turkey red oil. The spectrum of turkey red oil in Fig. 2(b) was similar to that of castor oil. However, a peak at m/z 415 was found as a negative ion of a potassium sulfated ricinoleic acid in Fig. 2(b) in the spectrum of turkey red oil because the oil is a sulfated castor oil resulting from sulfation of the hydroxy group of ricinoleic acid. This peak was very useful for discrimination between turkey red oil and castor oil. The compound detected at m/z 415 in the ESI-MS spectrum was not found in the total ion chromatogram (TIC) of the GC-MS analysis in Fig. 3(b) . Tall oil. In the spectrum of tall oil (Fig. 2(c) ) octadecenoic acid, octadecadienoic acid, and palmitic acid, which were also detected by GC-MS analysis (Fig. 3(c) ), were mainly found with peaks (30.6, 6.3 and 2.8%) at m/z 301, 299, and 305. These peaks at m/z 301, 299, and 305 were assigned to resin acids, such as an abietic acid (C20H30O2, molecular weight (MW) 302) of components of tall oil. The resin acids were not found in the TIC of the GC-MS analysis shown in Fig. 3(c) . Cayenne oil. In the spectrum of cayenne oil (Fig. 2(d) ) the characteristic peaks were observed at m/z of 168, 170, 304, and 306. The peaks at m/z of 304 and 306 were assigned to deprotonated molecular negative ions of capsaicin (MW 305) and dihydrocapsaicin (MW 307), shown in Fig. 2(d) , respectively. The capsaicin and dihydrocapsaicin were also detected by the GC-MS analysis of the unsaponifiables of the cayenne oil. The peaks at m/z 168 and 170 were assigned to fragment ions [M-137] -of the capsaicin and dihydrocapsaicin, respectively, because the EI-MS spectra of the compounds by the GC-MS analysis showed the fragment ion peak at m/z 137 as the base ion peak. The ESI-MS spectra of the compounds in a positive mode also showed the fragment positive ion peak at m/z 137 with protonated molecular positive ions, [M+H] + , of capsaicin (m/z 306) and dihydrocapsaicin (m/z 308). The major fatty acids were octadecadienoic acid, octadecenoic acid, octadecatrienoic acid, and palmitic acid, which were also detected by GC-MS analysis (Fig. 3(d) ). Tung oil. A peak (approximately 31%) at m/z 277 in the spectrum of tung oil (Fig. 2(e) ) was not assigned to linolenic acid (C18:3n-3, MW 278), but rather to the α-eleostearic and β-eleostearic acids (C18:3n-5, MW 278) of a main component in the oil. 25 Methyl α-eleostearate and methyl β-eleostearate were detected at 19.4 and 21.7 min of the retention time, respectively, by the GC-MS analysis shown in Fig. 3(e) , as is characteristic of tung oil. 26 
Discrimination of fats and oils by fatty acid composition using ESI-MS and GC-MS analyses
Comparisons of a base peak in the ESI-MS spectra classified 28 types of the saponified vegetable oils (Table 1) into eight groups, which span the octadecenoic acid (C18:1) group of nine oils, comprising palm oil, camellia oil, macadamia nut oil, bran oil, rapeseed oil, olive oil, tea seed oil, peanut oil and cocoa butter; the octadecadienoic acid (C18:2) group of eight oils, comprising safflower oil, cotton seed oil, soybean oil, evening primrose oil, corn oil, sesame oil, sunflower oil, and grape seed oil; octadecatrienoic acid (C18:3) group of four oils, comprising perilla oil, egoma seed oil, linseed oil, and tung oil; the lauric acid (C12:0, m/z = 199) group of two oils, comprising coconut oil and palm kernel oil; the capsaicin group, comprising cayenne oil; the icosenoic acid (C20:1) group, comprising jojoba oil; the abietic acid group, comprising tall oil: and the ricinoleic acid group of two oils, comprising castor oil and turkey red oil. This classification of 25 types of vegetable oils, except palm oil, cayenne oil and tall oil, corroborated that by the GC-MS analysis. The basic peak of palm oil by the GC-MS analysis was not methyl oleate, but rather methyl palmitate. The detection sensitivity of the ESI-MS analysis of unsaturated fatty acids was higher than that of saturated fatty acids. Therefore, although the methyl oleate and the methyl palmitate of palm oil determined by GC-MS analysis were 40.3 and 43.1%, respectively, octadecenoic acid and palmitic acid determined by ESI-MS analysis became 63.4 and 15.2%, respectively. The basic peaks of tall oil and cayenne oil by GC-MS were assigned to the saponifiables methyl oleate and methyl linoleate, respectively. Although the ESI-MS analysis in this study detects anion compounds produced by the ESI method in both the saponifiables and the unsaponifiables, the GC-MS analysis in this study detected only the fatty acids produced by saponification. Therefore, both the GC-MS analysis and the ESI-MS analysis detected octadecenoic acid and octadecadienoic acid as the major fatty acids of tall oil and cayenne oil, respectively. Moreover, comparisons of the other peaks, except for a base peak, classified 28 types of vegetable oils into 23 groups. Both the ESI-MS and GC-MS analyses had difficulty to distinguish between coconut oil and palm kernel oil, between bran oil and peanut oil, between sunflower oil and grape seed oil, and among the octadecatrienoic acid group of three oils (perilla oil, egoma oil and linseed oil).
A comparison of the base peak in the ESI-MS spectra classified 14 types of the saponified animal oils in Table 1 turtle oil, whale oil, shark liver oil, mackerel oil, cod liver oil, beef tallow, lard, mutton tallow, chicken fat and waterfowl liver oil; the icosenoic acid (C20:1) group, comprising saury oil; the docosahexanoic acid (C22:6, DHA) group, comprising cuttlefish oil; and the caproic acid (C6:0) group, comprising butter. This classification of turtle oil, whale oil, mackerel oil, sardine oil, cod liver oil, cuttlefish oil, beef tallow, mutton tallow, chicken fat and waterfowl liver oil corroborated that by the GC-MS analysis. The classification of shark liver oil, lard, and butter, however, showed discrepancies with that by the GC-MS analysis. Although the classification of saury oil was also observed between the result by the ESI-MS analysis and that by the GC-MS analysis, both analyses showed both icosenoic acid and docosenoic acid (C22:1) as major fatty acids. The basic peak of shark liver oil and lard by the GC-MS analysis was not methyl oleate, but rather methyl palmitate. These contrasting results were caused by the difference between the detection sensitivities of the ESI-MS analysis between unsaturated fatty acids and saturated ones shown in the case of palm oil. Although the GC-MS analysis in this study measured the methyl esters of fatty acids with nine (C9:0) or more carbon numbers, owing to the solvent delay, the ESI-MS analysis measured fatty acids with six (C6:0) or more carbon numbers. Therefore, the basic peak of butter by the ESI-MS analysis differed from that of the GC-MS analysis.
Moreover, comparisons of the other peaks, except a base peak, classified the 14 types of animal oils into 11 groups. In both the ESI-MS analysis and the GC-MS analysis, it was difficult to distinguish shark liver oil from mackerel oil, cod liver oil from waterfowl liver oil, and lard from chicken fat.
The distinction between vegetable oils and animal oils by ESI-MS analysis was estimated by comparing the relative peak intensity of palmitoeic acid (C16:1). Macadamia nut oil and cayenne oil were exceptionally abundant in palmitoeic acid, however, and contained 27.7 and 2.5%, respectively. The palmitoeic acid of animal oils, except for butter, demonstrated more than 3.0% of the relative peak intensity, but vegetable oils, except for the two oils, demonstrated less than 1.0%. Marine animal oils (whale oil, shark liver oil, mackerel oil, sardine oil, cod liver oil, saury oil, cuttlefish oil and waterfowl liver oil) were abundant in icosenoic acid, icosapentanoic acid (C20:5, EPA), and DHA, distinguishable from the other animals. Whale oil contained more myristoleic acid (C14:1) than the other marine animal oils. These results corroborated those by GC-MS analysis.
Advantage of ESI-MS analysis compared with GC-MS analysis
All of the types of fats and oils were analyzed within one minute by ESI-MS to obtain the mass spectra corresponding to the total ion chromatogram by the GC-MS analysis of the fatty acids. The sample preparation for the ESI-MS analysis of fatty acids was reduced to two steps only: saponification and extraction.
The GC or GC-MS analysis still required esterification or transesterification, however. The GC-MS analysis was much more laborious and time-consuming than the ESI-MS analysis due to the three steps required for sample preparation (saponification, extraction and esterification or transesterification) as well as the long measurement time for the elution and separation of the components of fatty acid methyl esters through the GC column. The GC-MS analysis of various types of fats and oils did not require a constant minimum measurement time because of the various retention times of fatty acid compositions.
For example, the minimum measurement time required is 40 min for castor oil, turkey red oil, waterfowl liver oil, whale oil, and fish oils; 25 min for tung oil, jojoba oil, egoma seed oil, cayenne oil and tall oil; and 15 min for the other oils. As such, the ESI-MS analysis offers a time-saving alternative method for analyzing unknown fats and oils without a control sample.
Conclusion
Although the GC-MS analysis can discriminate the isomers of unsaturated fatty acids, the ESI-MS analysis summed the compounds without discrimination. The sample preparation for the ESI-MS analysis of fatty acids was reduced to two steps, saponification and extraction, compared to that of the GC or GC-MS analysis, which involves three steps, including esterification or transesterification. The ESI-MS analysis discriminated fats and oils within one minute after starting the measurement. The analytical results by the ESI-MS analysis were very useful for reducing the measurement time of the GC-MS analysis of unknown fats and oils. This is because the retention times of all fatty acids resulting from the saponified fats and oils could be identified by comparing with the spectra produced by the ESI-MS analysis. Characteristic compounds, such as resin acids and the sulfated ricinoleic acid, were not detected by GC-MS analysis, but rather by the ESI-MS analysis. Although the fatty acid composition by the ESI-MS analysis did not perfectly corroborate that by the GC-MS analysis, both the ESI-MS analysis and the GC-MS analysis could be applied to an analytical method for the discrimination of the fats and oils. Accordingly, the ESI-MS analysis of the fatty acid composition has been found to be suitable as a screening procedure for the rapid discrimination of fats and oils.
